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ABSTRACT 
Electrochemical biosensors provide high specificity of analyte detection in different body 
fluids. A potentiostat is the instrument used to control the applied potential and measure 
current flow in the electrochemical cell, where the analyte detection reaction occurs. 
Advances in electronics and microcontrollers have enabled such sophisticated 
instruments to be built at a very low cost with sufficient performance. 
  
We report the analysis, design, and prototyping of a low-cost 4-channel potentiostat that 
is fully integrated into one PCB connected to an Arduino Uno board, as an Arduino 
shield, which could be used for both biosensor development and applications. As an 
Arduino-based instrument, the MATLAB-based software of the potentiostat is relatively 
easily modified for different biosensor requirements, providing great versatility for end 
users. We believe that this design will be valuable for electrochemical biosensors 
researchers as well as students interested in electrochemistry. The reported low-cost 
architecture could also be adopted to create low-cost diagnostic instruments for resource-
limited settings. 
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CHAPTER ONE  
Introduction 
Enzyme-based electrochemical biosensors enable the detection of biologically relevant 
molecules with very high specificity (Banica 2012). The ability to reliably detect such 
molecules empowers applications in monitoring, diagnosis, and management of related 
medical conditions. Such electrochemical biosensors are controlled by an analog circuit, 
which is the basis of the potentiostat, the instrument used for electrochemical 
experiments. An advanced benchtop potentiostat is used during the development phase of 
a certain enzyme-based biosensor in order to determine the optimal parameters and 
method of analyte detection. Following the characterization of the desired biosensor, the 
control analog circuit can be minimally designed and affordably produced as a standalone 
biosensor. This is analogous to the commercially available portable glucose sensors. 
However, for rapid biosensor development, a versatile and reasonably priced potentiostat 
could serve as both the development instrument as well as the controller for the final 
biosensor. This, we believe, would better streamline the biosensor development process 
by eliminating the need for developing a control circuit for every biosensor and by 
enabling the use of many potentiostats in parallel during the development phase, as such 
instruments will be much more affordable than commercially available benchtop 
potentiostats. Additionally, as the least expensive commercial potentiostat costs roughly 
$1000, an affordable reliable instrument would give access for electrochemical analysis 
in certain, especially resource-limited, settings (Rowe, et al. 2011).  
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Motivated by the ability to advance biosensor development, we will analyze the parts that 
make up a potentiostat, then show the development of a low-cost instrument that is 
simple and portable, to be used as a final biosensor, yet flexible and capable of providing 
reliable performance when used as the main investigation instrument during a biosensor 
development phase in the laboratory. Such instrument will provide high value to 
electrochemistry researchers and students and will broaden the access to potentiostats, 
due to its affordability. Moreover, we aimed to build a simple analog board that connects 
to an Arduino Uno as the microcontroller for the circuit. This provides more flexibility to 
the end user, as the Arduino is relatively easy to program, enabling researchers/students 
to modify the original software to fit their application needs (Figure 1). The simplicity of 
the instrument does not only enable the user to understand and modify the instrument, but 
also to comprehensively understand the measured data as well as possible sources of 
errors. Lastly, we hope that the knowledge acquired through this design process will 
guide the development of future novel enzyme-based biosensors. 
Figure 1. A block diagram of the proposed instrument. An Arduino Uno is used as 
the microcontroller of the device, powering and controlling the analog circuit, as well 
as performing the measurements and sending real-time data to MATLAB on a PC via 
a USB cable, through which the instrument is powered. 
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Background 
As part of the maturation of the role of biomedical engineering in improving the 
wellbeing of an individual, with emphasis on personalized health care, many sensors have 
been recently developed as miniaturized devices that could be integrated into one’s body 
(Matzeu, Florea and Diamond 2014). However, the continuous monitoring of 
biochemical analytes within the body has often been overlooked as a target for the 
development of novel body-integrated sensors, despite the valuable information they 
infer regarding one’s health and possible health concerns (Matzeu, Florea and Diamond 
2014). Such analytes can be monitored with high specificity using enzyme-based 
electrochemical biosensors (Banica 2012), where amperometric detection is the most 
suitable method of detection for continuous analyte monitoring (Henry 1998). Recent 
developments in low-cost reliable small-size electronics are enabling the development of, 
the so called, “lab on a chip” systems (Matzeu, Florea and Diamond 2014), where a 
complicated instrument, such as a potentiostat, can be designed as a low-cost 
miniaturized device with reliable performance.  
 
The CheapStat (Figure 2) is an open source, “do-it-yourself”, potentiostat designed to be 
used for both analytical and educational applications (Rowe, et al. 2011). It is a hand-held 
device that can be assembled by the user, if proficient in circuit assembly, with the 
components costing less than $80. The CheapStat is able to produce different waveforms, 
as input into the electrochemical cell, to perform cyclic, square wave, linear sweep and 
anodic stripping voltammetry. The authors believe that the CheapStat would provide 
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value in undergraduate chemistry labs as well as other environments with limited 
resources.  
 
The CheapStat requires no custom-made microelectronics and uses readily available 
electronic components, enabling an autonomous construction of the device by interested 
users. The only part that was custom-made was the printed circuit board (PCB), which is 
essential for device portability. Figure 2 shows the block diagram of the CheapStat 
(Right) in which the circuit contains the analog electronic components and interfaces with 
the 3-electrode electrochemical cell. As the CheapStat is controlled by the 
microcontroller ATxmega32A4, software user modification is limited due to the lower 
level programming required, when compared to an Arduino. Additionally, the CheapStat 
can only be connected to one electrochemical cell at a time, one-channel, limiting the 
application of the potentiostat when multiple channels are needed to be simultaneously 
tested under the same conditions. Nonetheless, the CheapStat was shown to be a very 
reliable tool for multiple applications including food and drug testing, environmental 
monitoring, and biosensing (Rowe, et al. 2011). 
Figure 2.  The CheapStat (Rowe, et al. 2011). 
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In another example of a low-cost potentiostat, Gabriel N. Meloni presents the design and 
fabrication of a simple, cheap, and customizable Arduino-based potentiostat (Figure 3) 
that requires no proprietary software or hardware to perform basic electrochemical 
measurements, intended for use in teaching laboratories (Meloni 2016). The device 
shows incredible simplicity, which enables accessible user modifications and facilitates 
robust data analysis and troubleshooting. Although the published Arduino code is written 
to perform cyclic voltammetry experiments, the code is easy to understand and can be 
modified to perform different electrochemical experiments, such as amperometric 
detection. This demonstrates the advantage of designing an Arduino-based potentiostat, 
where the user can modify the software to fit their individual needs and get the most out 
of the built hardware. Similar to the CheapStat, this potentiostat design is only able to 
control and measure a single electrochemical cell at a time, single-channel, limiting its 
application. Additionally, this design relies on an external power supply to power the 
analog circuit, instead of integrating the circuit into the 5 volts output on the Arduino 
board, adding a level of complexity to the circuit that we believe could be avoided.  
 
Figure 3. The potentiostat platform design published by Meloni (Meloni 2016). (i) 
The assembled device connected to an Arduino Uno. (ii) The schematic diagram of the 
analog circuit that interfaces with the electrochemical cell. 
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CHAPTER TWO: ANALOG CIRCUIT SIMULATION 
Simulating the 2-Electrode Cell 
Prior to building our first prototype circuit on a breadboard, we simulated the typical 
electrochemical cell control circuit, which relies on op-amps to control and amplify the 
working electrode (WE) current. The core of the electrochemical cell control circuit can 
be divided into two main parts. The first part is the input signal, or input potential, 
applied at the WE, while the second part is the WE signal amplification and measurement 
(Wang 2006). For electroanalytical techniques such as cyclic voltammetry (CV) and 
amperometric detection (AD), a controlled potential is applied at the WE then the WE 
current is amplified and measured.  
 
Using MATLAB’s Simulink electronics simulation environment, Simscape Electrical™, 
we simulated the simple two-electrode electrochemical cell (Chen 2013) in order to 
analyze its behavior prior to simulating the more complex three-electrode cell. Due to the 
lack of electrochemical components in the Simulink electronics simulation toolbox, we 
replaced the cell components with resistors (Figure 4.A). The simple two-electrode cell 
circuit consisted of three resistors, Rre, Rs, and Rwe, representing the impedances of the 
reference electrode (RE), solution, and WE, respectively. The simulated impedance 
values were chosen arbitrarily, as the purpose of this simulation was to study the behavior 
of the circuit and the effects of the change in impedance rather than the absolute 
impedance values.  
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As shown in figure 4.A, the circuit is equivalent to three resistors connected in series 
creating a single loop circuit. Such single loop circuit follows Kirchhoff’s voltage law 
(KVL) which, coupled with Ohm’s law, could be used to calculate the WE potential 
using the principle of voltage division (Alexander and Sadiku 2013):  
 !" = 	 %"%& + %( + ⋯	+%* 	! (1) 
Where vn is the voltage drop across the resistor of interest, vwe, and v is vin in figure 4.A. 
This implies that the input voltage vin will be applied across all three resistors with 
voltage drops relative to the resistance value, delivering only part of vin to the WE as 
shown in the simulation output (Figure 4.B). This would negatively affect the system as 
the WE potential will be poorly controlled and highly affected by Rre and Rs. 
 
The poor WE potential control of the two-electrode cell is overcome by introducing a 
third electrode, counter electrode (CE), and an op-amp connected as a voltage follower, 
which would provide potentiostatic control of the WE potential by supplying current 
Figure 4. Simulation of the 2-electrode cell. (A) The setup for the simulation where Rs represents the 
resistance of the solution of the electrochemical cell. (B) The output voltages of the four voltmeters in the 
simulation. (C) The outputs of the two ammeters in the simulation measuring Iin and Is. 
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through the CE that compensates for most of the cell resistance (Wang 2006). Hence, we 
modified the 2-electrode circuit and simulated the 3-electrode cell as shown in figure 5. 
Simulating the 3-Electrode Cell 
 
Indeed, the 3-electrode cell circuit delivers most of vin to the WE regardless of the 
impedances of the cell components. As shown in figure 5.B, the op-amp is supplying 
enough current through the CE in order to maintain the same input voltage, vin, at the 
midpoint between Rs1 and Rs2, evident by vce,s1 being higher than vin. However, a slight 
voltage drop will occur at Rs2, which is the impedance of the solution between the RE and 
WE, which is minimized by positioning the RE and WE as close as possible (Wang 
2006).  
Simulating Working Electrode Signal Amplification 
The next part to be simulated was the WE signal amplification. Such amplification is 
accomplished with another op-amp connected to the WE as an inverting amplifier. The 
function of this op-amp is not only to amplify the WE signal, but to also isolate the cell 
from the measurement circuit in order not to disturb the controlled parameters of the 
Figure 5. Simulation of the 3-electrode cell. (A) The setup of the simulation with the added CE and 
voltage follower op-amp. (B) Simulated voltages results. (C) Simulated currents results. 
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electrochemical cell, utilizing the very high input impedance of the op-amp (Wang 2006). 
Figure 6.A shows the circuit with the inverting amplifier connected to the WE. The 
output voltage of an inverting amplifier is defined by the following equation (Alexander 
and Sadiku 2013): 
 !+,- = 	−	%/%& !0" (2) 
Where R1 represents Rwe in figure 6.A and vin is the voltage drop across Rwe. Hence, the 
voltage gain of the inverting amplifier is controlled by the ratio of Rf to R1. In our 
simulation, this ratio is 50, which has been arbitrarily set as a voltage gain factor. The 
effect of this amplification is seen in the simulated Rf voltage in figure 6.C. Although the 
circuit vin is 1 volt, which when amplified by a factor of 50 should yield 50 volts, the 
output on figure 6.C shows a voltage slightly less than 50 volts. This is due to the 
previously mentioned slight voltage drop at Rs2, causing the voltage across Rwe to be 
slightly less than the circuit’s vin.  
 
This slight voltage difference can be calculated using equation 1. By considering the two 
resistors Rs2 and Rwe as a closed loop of two resistors in series with a v of 1V maintained 
by the voltage follower op-amp and the 3-electrode system. Using the resistance values 
shown in figure 6.A, a voltage drop of 0.01V will occur across Rs2, leaving Rwe with 
0.99V, which when amplified by a factor of 50, yields 49.5V, which is consistent with the 
results of the simulation on figure 6.C.  
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Indeed, the final circuit will not have an output of 50 volts, however, the simulations 
were performed to understand the main concepts and different factors of the circuit. In 
reality, the op-amp, as active circuit component, would only be able to output as much 
voltage as its supply voltage, which for our purposes will be limited to 5 volts. This 5-
volt limit was chosen as it is the maximum voltage that can be measured by an Arduino 
Uno, which will be described in more detail in the next chapter. 
Figure 6. Simulation of the 3-electrode cell circuit with an inverting amplifier connected to the WE. 
(A) The circuit diagram of the simulated circuit. (B&C) Simulated voltages results. (D) Simulated currents 
results. 
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CHAPTER THREE: CIRCUIT DESIGN AND VALIDATION 
The Core Two Op-Amp Circuit (V1) 
Armed with the knowledge gained from simulating the two main analog circuit parts, 
which control the electrochemical cell potential and amplify its signal, we built this core 
circuit on a breadboard in order to validate its function and measure real-world data. Our 
first circuit (V1) schematic is shown in figure 7. The analog circuit consists of two op-
amps, where one is connected as a voltage follower (left) to control the input voltage at 
the WE, while the other op-amp is connected as an inverting amplifier (right) to isolate 
the electrochemical cell and amplify the WE signal.  
 
These two op-amps, as active circuit components, require a voltage supply of ±Vcc, 5-
15V for the op-amp TL081CP, which we provided through a benchtop power supply. It is 
essential that this op-amp power supply values stay constant and precise for proper op-
amp function, as any fluctuations or difference between ±Vcc will affect the op-amp 
output. Therefore, we used a benchtop power supply to power the op-amps, instead of 
two 9V batteries in series, which would be simpler but not as precise for our application. 
Additionally, although the Arduino Uno board provides a 5V output pin, it does not 
provide a negative 5V, which is essential for the op-amps used in this circuit. This will be 
resolved and integrated into the Arduino Uno power supply in a later section. Also, to 
reduce the op-amps noise, four decoupling capacitors, 100nF, were added close to the Vcc 
pins.  
  
12 
The input potential vin was provided through a benchtop oscilloscope, which had a 
precise low voltage output functionality. The typical vin we used in our early prototyping 
was -200mV, which is determined by the oxidation potential of the electrochemical cell. 
Lastly, the output of the analog circuit, the output voltage of the inverting amplifier, was 
measured using an Arduino Uno board connected as shown in figure 7. The polarity of 
the connection to the Arduino is flipped due to the Arduino not being able to measure 
negative voltage, which is the predicted output of the validation experiment. This will 
also be resolved in a later section.  
 
 
Figure 7. The schematic diagram of the first prototype circuit (V1). 
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Working Electrode Current Measurement Method 
Although we aim to measure the WE current, in amperes, as the main output of the 
circuit, such current cannot be directly measured. However, it has been shown above that 
the WE current, or the solution current Is, is equal to the feedback resistor current IRf 
(figure 6). This is due to the op-amp not allowing any current to flow through its 
inverting input terminals, forcing the WE current Is to flow across the feedback resistor 
Rf. This allows for the indirect measurement of the WE current with Ohm’s low: 
 1 = 	2% (3) 
By measuring the voltage drop across Rf, V, and knowing the value of Rf by design, the 
value of the WE current can be obtained. The value of the feedback resistor Rf determines 
the maximum current that can be measured and at which resolution, considering the 
resolution of the analog to digital converter (ADC) of the Arduino Uno board. The 
Arduino Uno board has a 10-bit ADC, hence a resolution of 5V/1024 = 4.88mV. The 
maximum current that can be measured in our circuit is defined as the current that 
produces a 5V drop across Rf : 
 1345 = 	52%/  (4) 
The value 5V is a constant limited by the maximum voltage that can be measured by the 
Arduino Uno board, while Rf is the feedback resistor value which can be adjusted to 
change IMax. As shown in equation 4, Rf is inversely proportional to IMax, indicating that 
the smaller the feedback resistor, the higher the maximum current that can be measured. 
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However, as the maximum current increases, the resolution of the circuit worsens as 
shown below: 
 1789+:,-0+" = 	 13451024 (5) 
The value of IResolution represents the lowest current value that can be resolved by the 
circuit, which is also equal to the following: 
 1789+:,-0+" = 	4.88A2%/ 	 (6) 
Where 4.88mV is the resolution of the ADC. Hence, the value of the feedback resistor Rf 
should be low enough to cover the range of expected maximum WE current, while being 
high enough to provide the best current resolution possible. Lastly, a capacitor is added 
parallel to the feedback resistor Rf to reduce the noise in the inverting amplifier output. 
V1 Circuit Validation 
To validate the functionality of the V1 circuit, we performed an electrochemical glucose 
sensing experiment on both the V1 circuit and a commercial potentiostat. The 
commercial potentiostat was a DropSens uStat 300, which is a one-channel potentiostat 
with seven current ranges, a maximum measurable current of 3 mA, and a resolution of 
0.025% of the current range, which is 1 pA on the lowest current range. V1 circuit was 
connected as depicted in figure 7, with the Arduino Uno connected to a PC via a USB 
cable. The PC could “talk” to the Arduino through the Arduino integrated development 
environment (IDE), however, it was found to be more practical to use MATLAB’s 
support package for Arduino hardware, as MATLAB is superior in real-time data 
management, processing, and visualization. The data collection MATLAB script 
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contained a “for loop” that measured the voltage drop across Rf, by using the command 
voltageRead assigned to the proper Arduino pin, A0, then using Ohm’s law, equation 3, 
with the proper value of Rf to convert the read voltage to the WE current value. Then the 
WE current value was saved and plotted in real-time.  
 
The electrochemical cell used for this validation consisted of an in-lab prepared glucose 
sensor. This sensor was prepared by depositing glucose oxidase (GOx) and chitosan on 
top of a screen-printed electrode (SPE). The SPE was a DropSens DS710, which has a 
carbon WE that also contains Prussian Blue as a mediator, a carbon CE, and a silver RE. 
A 10uL volume of a 1:1 ratio of 50uM GOx and chitosan (1% chitosan & 0.5% acetic 
acid) was deposited on the WE of the SPE and left to dry overnight in ambient 
conditions. The experiment was done by first wetting the SPE with 20uL of PBS, then 
starting the experiment. After reaching a steady baseline, a volume of 10uL of the 
sample, either PBS as control or D-Glucose, was pipetted on top of the SPE.  
 
Figure 8 shows the response of GOx to PBS and D-Glucose as measured by both the 
commercial potentiostat and the V1 circuit, now labeled GalaganStat V1. Both datasets 
are raw data, where the commercial potentiostat data is shown as it appeared on the 
potentiostat software, DropView 8400, while the GalaganStat V1 data is shown as it was 
measured by the Arduino and plotted by MATLAB without filtering. The circuit shows 
great promise as it replicates the signal from the commercial potentiostat with the 
designed resolution.  
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We have now established that the core part of the analog circuit that was simulated in 
chapter two appeared to be working as expected. This was a very important step to 
validate, as it is the main interaction between the analog circuit and the electrochemical 
cell. The block diagram of the GalaganStat V1 is shown in figure 9. While the circuit has 
been shown to perform as expected, it still relied on an external power supply for the op-
amps as well as an external input signal source. The ultimate goal of this work is to 
achieve a fully integrated analog circuit that utilizes on the Arduino Uno board as the 
source for power and input signal, as depicted in the block diagram of figure 1.  
Figure 8. The validation experiments of the first prototype circuit, GalaganStat V1. (Top) The 
response of GOx to D-Glucose as measured by the commercial potentiostat (uStat 300). (Bottom) A 
replicate of the same experiment with the response measured using the GalaganStat V1 circuit (Figure 7). 
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GalaganStat V2: Eliminating External Input and Power Supply 
In order to transform the block diagram of the GalaganStat V1 (Figure 9) to the goal of 
this work (Figure 1), both the op-amps power supply and the input potential source must 
be integrated into the analog circuit with a sole reliance on the Arduino Uno. Moreover, 
our goal is to keep the design as simple as possible and to only use generic, readily 
available, components.  
 
First, we will solve the problem of the op-amp power integration. Although the Arduino 
Uno board provides output pins that could supply a constant voltage of 5V or 3.3V, it 
does not provide negative voltage, which is essential for the proper function of the dual 
supply op-amp, which uses ±Vcc. Such dual supply op-amp requires the ±Vcc to be 
Figure 9. The block diagram of the first prototype circuit, GalaganStat V1. 
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equal, hence, the same absolute voltage value away from its reference, ground. These 
three voltage points are essential for an op-amp proper function.  
 
Although we could build a circuit that flips the +5V provided by the Arduino Uno board, 
and use it to power the op-amps, we will not be able to measure the negative output of the 
op-amp, as the Arduino Uno could only measure positive voltage, up to 5V. An op-amp 
that is powered with ±5V has a 10V rail-to-rail output, which would be useless in our 
circuit as it is out of the Arduino’s range, and might even damage the Arduino board.  
 
The solution we chose was to use a different class of op-amps which require a single 
supply, as opposed to a dual supply, to be powered. The op-amp we chose could be 
powered by +5V alone, with +5V connected to +Vcc and ground connected to -Vcc. 
However, as for any op-amp, a third midpoint is required for proper function, which is 
termed the op-amp’s virtual ground. This would require a constant 2.5V to be supplied as 
a virtual ground. A 2.5V can be easily achieved through multiple means. A simple and 
direct way is to use a readily available small board called a “buck converter” which is a 
DC-to-DC step down board. Another way is to use a voltage divider circuit with two 
identical resistors and an op-amp connected in between the two resistors as a voltage 
follower, which would divide the 5V exactly in half while preventing the shifting of the 
voltage divider circuit when a load is applied. We used a buck converter for the 
GalaganStat V2, but then moved to the voltage divider in V3 as it had less components 
and was easier to integrate into the circuit. 
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Through using single supply op-amps, with a virtual ground of 2.5V, both the need for 
negative power and the Arduino Uno board’s inability to measure negative voltage were 
solved. Figure 10 shows how this was used in practice. Although the virtual ground is 
2.5V with respect to the Arduino Uno board, it is 0V with respect to the operation range 
of the op-amps, which spans ±2.5V. By tricking the analog circuit into using the virtual 
ground as a refence voltage, we now can measure the negative output voltage using the 
Arduino, which is read as voltages below 2.5V. This has to be integrated into the code 
when reading voltage values, to be able to measure ±2.5V, which is as simple as: 
 !7B = 	!3849,C8D − 2.5 (7) 
This solution eliminated the need for a benchtop power supply and enabled the 
measurement of positive and negative voltages, corresponding to positive or negative WE 
currents. This was not a novel concept and is widely used in analog circuit design 
(Hiscocks 2011). 
Figure 10. The relationship between the op-amps power supply from the Arduino Uno board, the 
analog circuit working range, and the circuit output voltage that can be measured by the Arduino. 
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Next, we needed to integrate the input signal into the circuit and eliminate the external 
input source. Although the Arduino could provide analog outputs between 0-5V, this 
output is a pulse width modulation (PWM) signal, which is a 5V square wave with a 
frequency of either 490 or 980 Hz and a changing ON time depending on the desired 
voltage. Such PWM signal would give the illusion of an analog signal when dimming an 
LED, for example, but would not be sufficient to be used as an input signal for the 
electrochemical cell. However, this signal can be smoothed out with a simple RC low 
pass filter, which is another widely used solution in circuit design, and has been done in 
the potentiostat design published by Meloni, which also uses an Arduino Uno to measure 
and provide the input potential for the circuit, but relies on an external power supply for 
the op-amps (Meloni 2016).  
 
Figure 11 shows the circuit diagram of the GalaganStat V2, which integrates both the op-
amp power supply and the input signal into one circuit design that relies solely on the 
Arduino Uno board. By implementing the recent changes, the block diagram of the 
GalaganStat V2 achieves the goal of this work, depicted in figure 1. This design includes 
the same core design from GalaganStat V1, which include the two main op-amps that 
maintain the input potential at the WE and amplify the WE current. GalaganStatV2 also 
includes a digital to analog converter (DAC), which smooths out the PWM input signal 
from the Arduino to be used as a stable input potential for the electrochemical cell. 
Moreover, the GalaganStat V2 uses single supply op-amps, that are powered by the 5V 
supply pin on the Arduino, and a buck converter, which provides a constant 2.5V as 
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virtual ground for the inverting amplifier. Lastly, another voltage follower was added 
between the inverting amplifier output and the voltage reading pin of the Arduino for 
greater isolation of the signal and better stability. To demonstrate the simplicity and 
portability of the design, the single-channel GalaganStat V2 was built on a prototyping  
circuit board, which was more compact than a prototyping breadboard (figure 12). 
 
Figure 12. Assembled prototype of 
GalaganStat V2 with a 3D-printed case. 
Figure 11. The circuit diagram of the GalaganStat V2 which utilizes the TLV2371 single 
supply op-amps. 
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GalaganStat V2 Circuit Validation 
As with the V1, the GalaganStat V2 was validated by performing the same experiments 
shown in figure 8. Through testing and validation, the circuit was found to perform as 
expected. The validation experiment data is shown in figure 13, as raw data without 
filtering. The experiment was performed using an early version of the MATLAB 
graphical user interface (GUI) application, instead of a for loop script, which we 
developed specially for the GalaganStat and will be discussed in detail in a later section. 
 
Using the GalaganStat V2 architecture, we built a 4-channel prototype on a breadboard 
(Appendix A). We used the 4-channel prototype, along with a 4-channel version of the 
MATLAB GUI application, to perform multiple electrochemical experiments for 
Figure 13. The GalaganStat V2 validation experiment which replicates the experiments shown in 
figure 8. 
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different research projects at Galagan Lab, the data of which is outside the scope of this 
thesis, nonetheless, the circuit prototype performed reliably compared to its commercial 
counterpart. 
GalaganStat V3: Adding Multiple Current Ranges 
Following a successful design of the integrated potentiostat circuit and its experimental 
validation, one drawback was notable in the daily operation of the prototype. The 
feedback resistor, Rf, only allows for one fixed range of readable WE current with a fixed 
resolution, as explained in chapter 3. Although Rf could be manually changed on the 
breadboard, this was inefficient as it couldn’t be changed while the experiment is 
running, to accommodate a current higher than the range, and the value of the used Rf had 
to be inputted into the GUI for correct current calculation. This is the same method used 
in the design published by Meloni, where different Rf resistors could be swapped in 
(Meloni 2016). However, we preferred to include multiple ranges with fixed values that 
could be programmed into the GUI, without the need for the user to swap in an Rf, and 
would cover a high range of readable WE current. Having multiple ranges, as shown in 
chapter 3, provides the ability to improve the resolution when IWE is low, while being 
able to switch to a different range if IWE increases beyond the maximum current of the 
lower range, all while the experiment is running, hence, improving the capability of the 
potentiostat. 
 
Following research for available options and breadboard prototyping, we settled on using 
the 4-channel analog multiplexer DG409, a solid-state switch, connected to 4 different 
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feedback resistors. The switch can be controlled through two digital pins of the Arduino 
board, the truth table of which is shown in table 1. The values of the feedback resistors 
were chosen to cover a wide range of measurable WE current up to ±170uA, with a 
resolution of 4.88nA at the lowest range (table 2).  
IC Pin 
(DG409) Arduino Pin 
Range 1 
(1MΩ) 
Range 2 
(470kΩ) 
Range 3 
(220kΩ) 
Range 4 
(14.7kΩ)) 
Channel 1 
A1 (#16) D2 0 0 1 1 
A0 (#1) D3 0 1 0 1 
Channel 2 
A1 (#16) D4 0 0 1 1 
A0 (#1) D5 0 1 0 1 
Channel 3 
A1 (#16) D7 0 0 1 1 
A0 (#1) D8 0 1 0 1 
Channel 4 
A1 (#16) D9 0 0 1 1 
A0 (#1) D10 0 1 0 1 
Table 1. The truth table for controlling the 4 different ranges for all 4 channels as designed in the 4-
channel GalaganStat V3. 
 
Rf Value Range Resolution 
Range 1 
(1MΩ) ±2.5 uA 4.88 nA 
Range 2 
(470kΩ) ±5.32 uA 10.39 nA 
Range 3 
(220kΩ) ±11.36 uA 22.19 nA 
Range 4 
(14.7kΩ)) ±170.07 uA 332.2 nA 
Table 2. Readable WE current ranges and resolutions of the four ranges of the GalaganStat V3. 
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The circuit diagram of the final iteration of a one-channel GalaganStat V3, is shown in 
figure 14, which includes two major changes. The two changes are the addition of the 4-
range capability and the replacement of the buck converter with a voltage divider circuit 
and a voltage follower that produce a constant 2.5V for the inverting amplifier’s virtual 
ground.  
Building a 4-channel version of the GalaganStat V3 on a breadboard would be somewhat 
complicated due to the significantly higher number of components compared to the V2. A 
compact, portable, and permanent design would require a printed circuit board (PCB) as 
an Arduino Uno shield that easily plugs on top of any Arduino Uno board, which has 
been the final vision for this project. 
Figure 14. The circuit diagram of the one-channel version of the GalaganStat V3. 
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CHAPTER FOUR: PCB DESIGN, BOM, AND INSTRUMENT SPECIFICATIONS 
Based on the 4-channel GalaganStat V3 architecture, we designed a printed circuit board 
(PCB) and ordered 5 boards from a PCB manufacturer, costing $1 per board. We used the 
software EAGLE by Autodesk to design the PCB. Figure 15 shows a CAD model of the 
designed PCB with the circuit components, which was created using both EAGLE and 
Fusion 360 by Autodesk. The designed PCB utilizes the surface mount versions of the 
GalaganStat V3 components in order to achieve a compact design. Appendix B contains 
more detailed figures of the PCB design and assembled boards. Table 3 shows the bill of 
materials (BOM) for the PCB, detailing the overall cost of building the instrument. Table 
4 shows the instrument specifications of the GalaganStat PCB.  
 
Figure 15. A CAD model of the designed PCB with the circuit components. 
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Table 3. Bill of materials (BOM) for the GalaganStat PCB components. 
 
Instrument Specifications 
Power Supply Integrated into the Arduino's 5V supply pin. The Arduino may be powered via the USB connection or an external power source. 
PC Interface USB 
Cell Input Potential Range ±2.5V 
Cell Input Potential Resolution 20mV 
Readable Current Ranges 2.5uA - 170uA (4 Ranges), see table 2. 
Readable Current Resolution 4.88nA, 10.39nA, 22.19nA, 332.2nA, for the ranges 1-4, respectively. 
No. of Channels 4 
Table 4. The instrument specifications of the GalaganStat PCB. 
no. Code on PCB Manufacturer no. Description 
Quantity 
Per PCB 
Unit Price 
(USD) 
Total Price 
(USD) 
1 
CE1-4 
WE1-4 
RE1-4 
HMTSW-103-09-T-S-120-
RA 
3-pin SPE 
Connector 4 $0.26 $1.04 
2 N/A MTSW-110-07-T-S-210 10-pin Male Header 1 $0.81 $0.81 
3 N/A HMTSW-106-07-T-S-240 6-pin Male Header 1 $0.53 $0.53 
4 N/A HMTSW-108-07-T-S-200 8-pin Male Header 2 $0.546 $1.09 
5 C1 0805ZC105KAT2A 1uF Capacitor 1 $0.25 $0.25 
6 C2-C6 0805YC104KAT2A 0.1uF Capacitor 11 $0.197 $2.17 
7 C7 C0805C155K4PACTU 1.5uF Capacitor 4 $0.25 $1.00 
8 R1 & RF1 KTR10EZPF1004 1MOhm Resistor 5 $0.155 $0.78 
9 R2 WCR0805-10RFA 10Ohm Resistor 1 $0.12 $0.12 
10 R3 & R4 ESR10EZPF1002 10KOhm Resistor 2 $0.142 $0.28 
11 RF2 KTR10EZPF4703 470KOhm Resistor 4 $0.155 $0.62 
12 RF3 KTR10EZPF2203 220KOhm Resistor 4 $0.155 $0.62 
13 RF4 KTR10EZPF1472 14.7KOhm Resistor 4 $0.155 $0.62 
14 U1 TLV2371IDR Op-Amp 1 $1.30 $1.30 
15 U2 TLV2374IDR Quad Op-Amp 4 $1.65 $6.60 
16 U3 DG409DY-T1-E3 4:1 Multiplexer Switch IC 4 $1.55 $6.20 
Total 53   $24.03 
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CHAPTER FIVE: 3D-PRINTABLE ENCLOSURE AND GUI DESIGN 
For ease of use and portability, an enclosure for the GalaganStat had to be designed. The 
main goal was to have a CAD design that would be printable on most desktop 3D 
printers, for better accessibility for global end users. The designed enclosure consisted of 
two main bodies, a shell and a cover. The two bodies are joined by 8 strong small size 
magnets, 6mm diameter and 2mm thickness, that are inserted into the 8 round cuts in the 
corners of the 3D-printed bodies. The enclosure contains places for 4 SPE connectors in 
the front, while providing an opening in the back of the instrument for long wire 
connection to all channels, if needed. The SPE connectors used in this design are TE 
Connectivity part# 7-5530843-7, which cost $1.52 per connector. Figure 16 shows a 
picture and a CAD model of the enclosure that also shows the four connectors, the PCB, 
and an Arduino Uno CAD models. 
 
Figure 16. A CAD model (left) and picture (right) of an assembled GalaganStat with the 3D-
printed enclosure. 
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Lastly, for ease of operation and reliable performance, we designed a GUI application 
using MATLAB’s App Designer. The app was designed for amperometric detection, as 
this was the main method used in current research projects at Galagan Lab, however, the 
app can relatively easily be modified to perform cyclic voltammetry, for example. As we 
perform more electrochemical experiments on the GalaganStat, we will be modifying the 
app and publishing the latest version on the GalaganStat GitHub page. The app enables 
basic functions of the GalaganStat by providing an easy way to determine experiment 
variables, enable some or all channels, change the range of each channel manually or use 
the Auto Range algorithm, choose the option to AutoSave the data, and much more. 
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Figure 17. The MATLAB GUI app main window with the setup, controls, and extras bars. 
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CONCLUSION 
The simulations of the core components of a potentiostat were performed and the 
behavior as well as the effect of different variables were analyzed and discussed. Based 
on the knowledge gained through the simulations, a first prototype of the potentiostat was 
built on a breadboard, tested, and validated against a commercial potentiostat. The first 
prototype, V1, was then modified to achieve a fully integrated design for the analog 
circuit that solely relied on the microcontroller used, the Arduino Uno board. The second 
prototype, V2 was also fully tested and validated. The circuit was then modified once 
more to add multiple current ranges in order to cover a large range while providing the 
best possible current resolution. 
 
Using the final circuit design, V3, a PCB was designed, ordered, soldered, and tested, 
which was found to perform as expected and no revisions were required. A 3D-printable 
enclosure was then designed and optimized over multiple iterations. The total cost to 
build a GalaganStat V3 was roughly $60, including the cost of the Arduino Uno board. 
Lastly, a MATLAB-based GUI application was designed to enable ease of use for all end 
users regardless of MATLAB coding proficiency.  
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APPENDIX A: GalaganStat V2 4-Channel Prototype 
We built two 4-channel prototypes based on the GalaganStat V2 architecture on 
breadboards, first as circuit testing prototypes, then both were used to take 
electrochemical measurements for ongoing research projects at both Prof. Galagan’s and 
Prof. Grinstaff’s labs. The two prototypes only differ in the part of the circuit that 
converts the 5V power from the Arduino Uno board to 2.5V to be used as a virtual 
ground for the inverting amplifiers. Figure A1 shows the first prototype which uses a 
buck converter to achieve the 2.5V virtual ground. Multiple breadboards were connected 
together to provide more space to connect the wires for the electrodes and to easily 
change the feedback resistors if the range/resolution need to be changed. Each IC 
contains 4 op-amps, which we utilized as a separate channel.  
 
Figure A2 shows the other prototype which utilizes another op-amp to create a stable 
2.5V virtual ground from a voltage divider circuit connected to voltage follower op-amp. 
Figure A3 shows the same circuit from figure A2 but with the connection boxes, which 
we use for easy connection to the SPEs during measurements. The boxes only contain a 
commercial connector piece that fits the dimensions of the used SPEs (Figure A4). 
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Figure A 1. A breadboard prototype of GalaganStat V2 with a buck converter as the source for the 
2.5V virtual ground. 
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Figure A 2. A breadboard prototype of GalaganStat V2 with a voltage divider and a voltage follower 
as the source for the 2.5V virtual ground. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A 3. The GalaganStat V2 breadboard prototype with the connection boxes. 
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Figure A 4. The inside of a connection box showing the 
connector piece (TE Connectivity part# 7-5530843-7). 
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APPENDIX B: GalaganStat V3 PCB 
Using the PCB design software EAGLE by Autodesk, we designed a PCB based on the 
GalaganStat V3 design. Figure B1 shows the schematic of the PCB where the different 
components are connected together either by using wires or labels, which decrease wire 
clutter. Each corner in figure B1 represents a channel which consists of two main ICs in 
addition to some resistors and capacitors. Each channel has an op-amp IC, TLV2374IDR, 
which contains four op-amps, and a switch IC, DG409DY-T1-E3, which is connected to 
4 different feedback resistors, representing the 4 different ranges of the instrument. The 
middle part of figure B1 show the Arduino pinout on the left, and the one op-amp IC, 
TLV2371IDR, on the right, which is connected as a voltage follower to a voltage divider, 
producing a constant 2.5V to be used as virtual ground for all 4 inverting amplifiers in the 
PCB. 
 
Figure B2 shows the PBC layout after routing all connections. We attempted to keep the 
layout symmetric, well labeled, and easy to understand with the components for each 
channel grouped in one of the four corners of the PBC, and the virtual ground op-amp 
placed in the middle of the board as it connects to all channels. We utilized both layers of 
the PCB for routing connections, red and blue correspond to the top and bottom layers, 
respectively. Figure B3, shows a soldered PCB with an unsoldered PBC in the 
background. 
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Figure B 1. The schematic of the designed PCB showing all the components connections as well as the 
Arduino pinout connections. 
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Figure B 2. The board layout of the designed PCB showing all the routing. 
  
39 
 
Figure B 3. A soldered GalaganStat PCB with an unsoldered PCB in the background. 
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